The Atlantic Ocean-Mediterranean Sea junction has been proposed as an important phylogeographical area on the basis of concordance in genetic patterns observed at allozyme, mtDNA and microsatellite DNA markers in several marine species. This study presents microsatellite DNA data for a mobile invertebrate species in this area, the cuttlefish Sepia officinalis, allowing comparison of this relatively new class of DNA marker with previous allozyme results, and examination of the relative effects on gene flow of the Strait of Gibraltar and the Almería-Oran oceanographic front. Genetic variation at seven microsatellite loci screened in six samples from NE Atlantic and Mediterranean coasts of the Iberian Peninsula was high (mean Na = 9.6, mean H e = 0.725). Microsatellites detected highly significant subpopul-
Introduction
Studies on several fishes, molluscs and crustaceans (see Sanjuan et al, 1996, 1997 and references therein; Roldán et al, 1998; Naciri et al, 1999; Zane et al, 2000) have suggested the importance of the junction of the Atlantic Ocean and Mediterranean Sea in phylogeographical structuring of marine species. To explain the concordance of patterns of genetic differentiation observed in these marine species, a hypothesis has been proposed wherein Mediterranean and Atlantic populations have been isolated due to sea level changes during glacial maxima and subsequently reconnected, possibly several times, in the past. Genetic divergence of populations during isolation followed by secondary contact after the re-opening of the Strait of Gibraltar, and with currently restricted gene flow between the geographically divergent populations (ie, secondary intergradation), are predicted to have produced present patterns in genetic structuring. Two factors suggested to account for the contemporary position and maintenance of discontinuities in frequencies of gen-ation structuring (F ST = 0.061; R ST = 0.104), consistent with an isolation-by-distance model of low levels of gene flow. Distinct and significant clinal changes in allele frequencies between Atlantic and Mediterranean samples found at five out of seven loci, however indicate these results might be also consistent with an alternative model of secondary contact and introgression between previously isolated and divergent populations, as previously proposed for other marine species from the Atlantic-Mediterranean area. A pronounced 'step' change between SW Mediterranean samples associated with the Almería-Oran front suggests this oceanographic feature may represent a contemporary barrier to gene flow. Heredity (2002) 89, 417-424. doi:10.1038/sj.hdy.6800160 etic markers in populations in this area are one-way surface current flows through the Strait of Gibraltar (eg, allozymes in hake - Roldán et al, 1998) and the presence of a well defined hydrographic boundary of surface waters between Almería (SE Spain) and Oran (Algeria) (Tintore et al, 1988) , the Almería-Oran oceanographic front (eg, allozymes and mtDNA in mussels - Quesada et al, 1995; Sanjuan et al, 1996 ; microsatellites in fish - Naciri et al, 1999) . Nevertheless, the possibility of such geographically based genetic patterns resulting from adaptive responses to different environmental pressures (natural selection) or due to isolation by distance among populations, cannot presently be excluded.
Recently Pérez-Losada et al (1999) described highly significant subpopulation structuring and clinal allozyme frequency changes between Atlantic and Mediterranean samples of the cuttlefish Sepia officinalis around the Iberian peninsula, which they explained on the basis of the secondary intergradation model described above. Their results did not however give any clear indication of a distinct genetic change between samples from either side of the Strait of Gibraltar or the Almería-Oran front. Dispersal ability is presumed to be restricted in S. officinalis: females fix their eggs to the sea floor, a pelagic larval phase is lacking (benthic juveniles hatch direct from eggs), and the adults have limited migratory capacities (Guerra, 1992) . The Almería-Oran oceanographic front is associated with steep temperature (1.4°C) and salinity (2 psu) gradients over a distance of 2 km, and with strong water currents (40 cm/s average speed) that flow in a south-easterly direction away from the Spanish coast toward North Africa (Tintore et al, 1988) , whilst the Strait of Gibraltar experiences one-way surface current flows (Parilla and Kinder, 1992) . Consequently, distinct genetic differentiation between S. officinalis samples to the west and east of these oceanographic features might be expected.
The aim of the present study was to use microsatellite DNA markers to: (i) check alternative hypotheses (ie, secondary intergradation, isolation by distance, and natural selection) concerning the genetic structuring of S.officinalis within the Atlantic-Mediterranean area; and (ii) test whether the Strait of Gibraltar or the Almería-Oran front represent a contemporary barrier to extensive gene flow in this species. Microsatellite markers have shown considerable utility for genetic studies of population structure, particularly in organisms exhibiting low variability detectable by other methods (Hughes and Queller, 1993; Estoup et al, 1998) . Several recent studies of widespread and abundant marine species (eg, squid, Shaw et al, 1999a; and herring, Shaw et al, 1999b) have indicated the greater capacity of microsatellite vs allozyme markers to detect fine population structure in such species. Microsatellites are also presumed to be neutral markers whereas allozymes have been suggested to be subject to selective forces, a potentially complicating factor when clinal frequency changes are found. The current study reports an application of highly polymorphic microsatellite loci to the question of genetic structuring between Atlantic and Mediterranean populations, and allows comparison of these relatively new molecular markers with data from allozymes.
Methods

Sampling
Six samples of S. officinalis were collected from commercial catches landed in Iberian Peninsula fishing ports between July and December 1998 (Figure 1 ). All catches in this area are taken within short distances (Ͻ25 km) of the port of landing, so they can be accepted as reliably representing local S. officinalis populations. Three samples were from the NE Atlantic: Riveira in west Galicia (GalW, n = 66), Lisbon (Lisb, n = 38) and Faro (Faro, n = 70). Three were from the Mediterranean: Roquetas del Mar (RMar, n = 65), south-west of the Almería-Oran oceanographic front; Alicante (Alic, n = 65) and Vilanova i la Geltrú (VGel, n = 63), both north-east of the Almería-Oran front. The specimens were obtained on the date of capture and were immediately frozen in dry ice and transported to the laboratory, where arm tips or mantle tissue were dissected and preserved in absolute ethanol.
DNA extraction and microsatellite analysis Total DNA was obtained using a standard proteinase K extraction procedure followed by addition of 5M NaCl and precipitation with isopropanol. All six samples were screened for variation at each of seven polymorphic microsatellite loci (Sof1 to Sof7) previously isolated and characterised for S. officinalis by Shaw and Pérez-Losada (1999) . PCR reactions were performed under conditions Table 1 . Arrows indicate the marine surface currents in the SW Mediterranean Sea (from Tintore et al, 1988) . set out in Shaw and Pérez-Losada (1999) . Reaction mixes contained 20 ng template DNA, 1.5-2.5 mM MgCl, 0.2 mM each nucleotide, 0.2 M of each primer (forward primer 5' end-labelled with a Cy5 fluorescent dye group), 0.2 U Taq polymerase (Bioline UK) with the manufacturer's supplied 1x NH 4 buffer, in a final reaction volume of 10 l. Amplified products were resolved on 6% denaturing polyacrylamide gels run on an ALFexpress TM (Pharmacia Biotech) automated sequencer, product sizes being determined by comparison to an internal series of standard size markers using fragment manager 1.2 software (Pharmacia Biotech).
Differences in product sizes were consistent with all alleles at all loci representing simple three bp repeat motif variation, except for locus Sof3. As described by Shaw and Pérez-Losada (1999) Sof3 displays two parallel sets of allelic arrays differing by one bp: a 'long' series of 16 alleles (172-220 bp), and a 'short' series of seven alleles (185-203 bp) . To simplify the calculation of the various statistics described below at locus Sof3, alleles differing by 1 bp were binned to produce a synthetic array of 16 alleles equivalent to the 'long' series (eg, 184 and 185 = 184; 187 and 188 = 187; etc) . Comparison of binned, unbinned and adjusted ('short' and 'long' series allele sizes adjusted to create between-series distances much greater than within-series for stepwise mutation model (SMM) statistics) datasets for this locus indicated no substantial differences in any values, and no change in significance, of multi-locus population measures, so binned data are used from here on unless otherwise stated.
Statistical analysis
Genetic polymorphism within samples was measured as the mean number of alleles per locus, and observed and unbiased expected heterozygosity (Nei, 1987) . Genotypes at all pairs of loci were tested for genotypic disequilibrium, and deviations from Hardy-Weinberg expectations within loci and over all loci within populations using exact tests with significance determined by a Markov chain method (genepop 3.1b; Raymond and Rousset, 1995) .
Differentiation between and genetic relationships among samples can be estimated from microsatellite data using statistics that assume either an infinite alleles model (IAM, Kimura and Crow, 1964) or a stepwise mutation model (SMM, Kimura and Ohta, 1978) . As loci Sof3 and Sof5 both display allelic arrays that suggest a non-SMM (Shaw and Pérez-Losada, 1999) , non-SMMbased methods (F ST , D chord and Nei's D) were used preferentially in the following analyses. Nevertheless, because the performance of statistics based on one or another mutation model is still a matter of argument (Estoup et al, 1995; Takezaki and Nei, 1996; Goodman, 1997; Estoup et al, 1998) and for comparative purposes, SMM statistics were also included [R ST and (␦) 2 ]. F ST was estimated by (Weir and Cockerham, 1984) using f-stat, and unbiased R ST using the rst-calc programme (Goodman, 1997) , which adjusts for differences in sample size and allele size variances among loci. Values for both statistics were tested for significant departure from zero using permutation tests contained within the respective software packages. We also tested for simple frequency differentiation between pairs of samples with Fisher's exact test, using genepop: multi-locus probabilities were produced using Fisher's (1954) method for combining probabilities. To test for isolation by distance as an explanation for genetic differences, Mantel tests were performed in genepop (using 1000 permutations to test significance of correlations) on matrices of pairwise geographical distances and between samples. The significance of microsatellite variation patterns was also tested by correlation coefficients between the arcsine-squared-roottransformed allele frequencies and geographical distances.
Genetic relationships between Sepia samples were investigated using IAM-based distances: Cavalli-Sforza and Edwards's (1967) chord distance (D chord ) and Nei's (1972) distance (D); and the SMM-based distance of Goldstein et al (1995) (␦) 2 which considers allele size differences. These values were then used to construct neighbour-joining (NJ) trees (Saitou and Nei, 1987) using the njbp programme (A Estoup, J-M Cornuet and S Piry, INRA, Montpelier). Bootstrap support on branches is computed by resampling loci and is given as percentages of 5000 replications.
Results
Variability within samples
Allele sizes and estimates of variability at the seven microsatellite loci screened within all samples are displayed in Table 1 . Within-sample variability was uniformly high across all samples: mean number of alleles (Na) ranged between 9.0 and 10.7, and mean observed (H o ) and unbiased expected heterozygosity (H e ) ranged between 0.567 and 0.700, and 0.614 and 0.784, respectively. Lisbon exhibited a lower number of alleles at loci Sof3, Sof4 and Sof6, although this is likely due to sampling effects (n = 38, compared to mean n = 65 in the other samples). The two samples collected north-east of the Almería-Oran oceanographic front (Alic and VGel) exhibited the lowest levels of heterozygosity, due to subHeredity stantially lower variability at three loci (Sof1, Sof5 and Sof7) than was present in the samples from west of the front.
Eleven significant departures from outcrossing expectations for genotype frequencies, all due to deficits of heterozygotes, were found in 42 single locus tests (Table 1) . Ten tests, associated exclusively with loci Sof4 and Sof7, remained significant when adjusted for table-wide significance by sequential Bonferroni procedure (Rice, 1989) . Although five loci therefore suggest close conformity to Hardy-Weinberg proportions in all samples, pooling across all seven loci resulted in highly significant indications of heterozygote deficiencies in each of the six samples.
Exact tests for genotypic disequilibrium between pairs of loci within samples resulted in 11 significant values (P Ͻ 0.05) out of 126 comparisons (six significant values are expected at the 5% level). Four significant values out of 21 were observed in the Galician sample, two in Faro, Roquetas and Vilanova, and one in Alicante. All loci, except Sof2 and Sof3, appeared in one or more significant pairwise comparison, although after application of Bonferroni correction only the tests involving Sof1, Sof5 and Sof7 remained significant: Sof1-Sof5 at GalW, RMar, Alic and VGel; Sof1-Sof7 at GalW, Faro and VGel; and Sof5-Sof7 at GalW. It therefore appears that there is no evidence for significant linkage disequilibrium between most of the loci screened here, although the disproportionate number of highly significant tests occurring among the Sof1-Sof5-Sof7 group does indicate that there may be some degree of statistical linkage among these three loci in the samples screened, and especially so in the GalW sample. Genotypic disequilibrium among loci may have significant effects on patterns of variation observed, and in particular it may distort patterns of genetic differences indicated between samples. Therefore, in the following analyses the possible effects of statistical linkage among loci Sof1, Sof5 and Sof7 are evaluated by two means: (i) removing all three loci from the analysis to determine if the four unlinked loci display the same patterns as the total seven-locus dataset; (ii) removing only locus Sof1, as this appears to be the locus generating most of the apparent linkage (over all samples, the Sof5-Sof7 comparison is non-significant if GalW is removed).
Population subdivision
Exact tests for homogeneity of allele frequencies among all samples indicated highly significant differences, both at individual loci and over all loci combined. Similarly the among-sample component of genetic variation, estimated by both F ST () and R ST , indicated moderate and significant genetic differentiation: = 0.061 (P Ͻ 0.001); R ST = 0.104 (P Ͻ 0.001). Pairwise exact tests for multilocus allele frequency homogeneity indicated highly significant differences between all samples. Recalculation of multi-locus probabilities after removal of the three loci (Sof1, Sof5 and Sof7) showing some sign of linkage disequilibrium, indicated most comparisons were still highly significant (P Ͻ 0.001), although two pairwise comparisons were non-significant (GalW-Faro and AlicVGel) and a further two showed substantially less significant values (GalW-Lisb P = 0.008 and Faro-RMar P = 0.002). Interestingly, of the 'nearest geographical neighbour' comparisons only the samples to either side of the Almería-Oran front (RMar-Alic) remain significantly dif- P Ͻ 0.001. Sample sites: GalW = Riveira (West of Galicia, n = 66); Lisb = Lisbon (n = 38); Faro = Faro (n = 70); RMar = Roquetas del Mar (n = 65); Alic = Alicante (n = 65); VGel = Vilanova i la Geltrú (n = 63). ferent at the P Ͻ 0.001 level. Removal of locus Sof1 only did not change results from those seen for seven-locus comparisons. Similarly, and R ST showed significant levels of inter-sample genetic variation for the majority of pairwise comparisons (Table 2) (Table 2 ) between the geographically closest pairs of samples (ranging between 0.000 and 0.032), except for RMar-Alic where values are clearly higher (0.069 for and 0.083 for R ST ). A pattern of increasing genetic differences with increasing geographic distance between samples is clearly evident, and Mantel tests indicated this to be a highly significant correlation for both (P = 0.006) and R ST (P = 0.003). Removal of Sof1 did not significantly change pairwise and R ST values, or significance levels of differences between samples. Increasing genetic differences between samples with increasing geographic distance is not simply due to random changes in allele frequencies accumulating over loci -correlation of frequencies of common alleles (Ն10%) showed significant clinal changes from one end of the geographical range to the other for loci Sof1, Sof2, Sof3, Sof5 and Sof7 (after Bonferroni correction). Plots of the most clear examples of clinal frequency changes in common alleles are shown in Figure 2 . Interestingly, alleles comprising the two parallel size arrays identified at locus Sof3 also show an array-related clinal distribution (Figure 2 ) -if all alleles belonging to the 'long' series are pooled, the pooled frequency increases from 0.357 off NW Spain (GalW) to 0.817 in the Mediterranean (VGel). Loci Sof4 and Sof6 also exhibited substantial allele frequency changes in this area (see Figure 2) , although overall frequency changes did not display significant clinal patterns at these loci. For all five loci showing clinal allele frequency changes, the largest changes occur between the two samples to either side of the Almería-Oran front (RMar and Alic). Alic seems to have diverged more from all the other Atlantic samples and RMar than the more distant sample VGel. This could be explained because of the greater isolation of this sample relative to the others due to its proximity to the front and the oceanographic conditions of the area (ie, Alic can only interchange genes with the samples occurring north of it. See also Sanjuan Heredity et al (1996) ). RMar, although also close to the front, is favoured by the circulation of the surface currents between SW Mediterranean and north of Africa, which allows an interchange of individuals between both areas (see Figure 1) . Nevertheless, other factors such as a reduced historic effective population size and the consequent genetic drift of allele frequencies could also contribute to explain the differentiation of the Alic sample. The low mean heterozygosity values showed by Alic may lend support to this hypothesis. Hierarchical testing, using winamova (Excoffier et al, 1992) , of samples from different geographical groupings indicated greater genetic heterogeneity among Mediterranean than among NE Atlantic samples, with approximately 6.3% of total variation ( = 0.067) among samples distributed between the two areas. When samples were grouped into those west and east of the Almería-Oran front, differences within the Mediterranean (east) substantially decreased, but differences between the two areas (east vs west) increase to approximately 7.9% of the total variation ( = 0.082).
Genetic relationships among samples
Unrooted neighbour-joining trees based on the standard genetic distance of Nei (1972) (D) , the chord distance of Cavalli-Sforza and Edwards (1967) (D chord ) and the SMM genetic distance of Goldstein et al (1995) (␦) 2 all exhibited the same topology, as shown for D chord in Figure 3 . The two samples from NE of the Almería-Oran oceanographic front (Alic and VGel) consistently cluster together with 100% bootstrap support, as do the three Atlantic samples (GalW, Lisb and Faro), with the Mediterranean sample to the SW of the front (RMar) consistently falling between these two groupings. The only obvious differences between the tree generated using (␦) 2 and those using D or D chord were slightly shorter branch lengths and lower bootstrap support on all nodes. Trees Table 1 . generated using distances calculated without Sof1 gave the same topology and similar bootstrap values.
Discussion
Genetic variability within samples Higher levels of polymorphism were displayed at all seven microsatellite loci, and in all six samples of S. officinalis (Table 1) than those estimated for the six most polymorphic allozyme loci used by Pérez-Losada et al (1999; Na = 2.0 ± 0.3 SD and H e = 0.256 ± 0.044 SD). This is not an unexpected result given the proposed higher rates of mutation and improved resolution of microsatellite loci relative to allozyme loci, and agrees well with levels of microsatellite variability reported for squid (Adcock et al, 1999; Shaw et al, 1999a) . Levels of allozyme variability reported for cephalopods in general have been very low (mean Na = 1.24, H o =0.035, H e = 0.037 -see Pérez-Losada, 1998), and thus it would appear that the high levels of genetic variability being uncovered at microsatellite loci will now allow more powerful and accurate tests of population genetic parameters in cephalopods.
Significant departures from random out-crossing expectations (Table 1) suggests the presence of nonamplifying ('null') alleles resulting from mutations in primer sites at loci Sof4 and Sof7. Initial tests on the offspring of several female S. officinalis confirmed this hypothesis (PW Shaw, unpublished data). Redesign of primers and re-screening of individuals will be required in future studies to fully confirm the presence of null alleles.
Analyses of genetic differences among samples including and excluding loci Sof1, Sof5 and Sof7 did not significantly bias patterns in, or estimates of, betweensample differentiation, although inclusion of all three loci does slightly inflate these values. The three loci do not appear to be closely linked physically: cross-combination of primers did not result in amplification between loci, up to the several Kb routinely amplified in standard PCR protocols (PW Shaw, unpublished data); and less than half of tests are significant. One possible cause of genotypic disequilibrium in the current study is that the populations sampled represent a zone of secondary contact and introgression/hybridisation between previously isolated and divergent Atlantic and Mediterranean populations (see below). With limited gene flow and some degree of inbreeding within a substructured population (high F ST values among samples), it is possible that association of particular alleles at loci on the same chromosome could be maintained for a number of generations. Resolution of the relationship among the loci described here requires further sampling outside this possible range of secondary contact and controlled breeding studies, both of which are being pursued presently. For the above reasons we have included all data from all loci in the analysis, in the interests of presenting a full dataset and not excluding data until a definitive conclusion can be made on linkage relationships among loci.
Population subdivision and gene flow
Moderate, but highly significant levels of inter-sample differentiation (= 0.061 and R ST = 0.104) were found for S. officinalis around the Iberian Peninsula. All pairs of samples, even those separated by distances as short as 300 km, showed significant differences in allele frequencies indicating barriers to free genetic exchange among areas. Similarly, values for pairwise and R ST (Table 2 ) indicated significant overall genetic divergence between most samples. These results suggest significant sub-population structuring on a geographical scale not expected for a non-sessile marine species, and a degree of microgeographic differentiation in S. officinalis around the Iberian Peninsula consistent with the presence of a number of genetic stocks. Whilst this information is relevant to management of the increasing commercial exploitation of this species, additional repeat sampling on a scale of Ͻ300 km will be needed to establish if distinct sub-population boundaries are present and temporally stable.
Distinct and significant geographical clines in microsatellite allele frequencies at five out of seven loci were observed extending between the Atlantic and Mediterranean regions sampled within the range of S. officinalis (see Figures 1 and 2 ). Pérez-Losada et al (1999) also found similar, though less distinct, geographical clines in allozyme allele frequencies between Atlantic and Mediterranean samples of S. officinalis, which they interpreted on the basis of a secondary intergradation model (Endler, 1977) . The most commonly proposed causes of clinal patterns in gene frequencies are selection across an environmental gradient, random genetic drift with isolation-bydistance effects, and secondary contact and introgression between previously isolated and genetically divergent populations. Although selection may at least partly explain patterns in genetic variation in several marine species in this area, it is unlikely that this factor can be proposed to account for the clinal patterns observed in the current study: the microsatellite clines are not associated with environmental gradients across the region sampled; there is little evidence for direct selection on microsatellite loci; parallel clines in so many microsatellite and allozyme loci would require improbable levels of genome-wide selection. Mantel tests indicate a significant correlation between geographic and genetic distances, suggesting that the data fit to an isolation-by-distance model of gene flow. Although it is conceivable that isolation-by-distance within the Atlantic-Mediterranean populations of S. officinalis could have created the observed clinal gene frequencies, the presence of parallel clines at so many loci suggest the action of other factors. The connection between the Atlantic Ocean and Mediterranean Sea is known to have been closed in the region of the Strait of Gibraltar several times during glacial periods in the Pliocene and Quaternary (Maldonado, 1985; Bianco, 1990) , sometimes associated with substantial environmental changes to the Mediterranean Sea. Although there is no evidence for the historical persistence of S. officinalis in either water body, it is conceivable that this species may have been subdivided into isolated Atlantic and Mediterranean populations during the most recent ice-ages. If current gene flow is restricted, which it appears to be, it is therefore feasible that the present clinal gene frequencies between these areas result from secondary contact and introgression between previously isolated and genetically divergent populations. A possible support for a secondary contact hypothesis is the genotypic disequilibrium observed among three loci in the present study. Inbreeding within isolated populations would produce association between particular alleles at different loci, producing linkage disequilibrium when these populations subsequently intermingle and introgress, the persistence of disequilibrium being dependent on the degree of past inbreeding, the rate of current gene flow and the rate of recombination between loci.
Within all five frequency clines an abrupt change in allele frequencies, supported by highly significant values for allele frequency heterogeneity (exact tests) and genetic divergence ( and R ST values), could be observed between the two SW Mediterranean samples (RMar and Alic) from either side of the Almería-Oran oceanographic front. Genetic discontinuities have been reported in other marine organisms from the same geographical area (Quesada et al, 1995; Sanjuan et al, 1996) . Natural selection or restricted gene flow between relatively isolated populations could explain these abrupt genetic changes. As explained above, selection on such a genome-wide scale is unlikely. A hypothesis based on limited gene flow is more plausible: the Almería-Oran front is a strong largescale ocean current running between Almería (SE Spain) and Oran (Algeria) (Tintore et al, 1988) , potentially representing a substantial barrier to migration of coastal cuttlefish. These features suggest that western Mediterranean S. officinalis may be subdivided into two separate gene pools to the SW and NE of the oceanographic front. The front, thus, may represent the contemporary contact point of any Atlantic-Mediterranean introgression, as opposed to the point where physical isolation would have occurred in the past, the Strait of Gibraltar, where there is no evidence of a distinct genetic discontinuity.
Genetic relationships among samples
The unrooted NJ tree (Figure 3 ) supported the population structure revealed by and R ST statistics, indicating increasing genetic distance with increasing geographical distance with the most highly supported branchings being between the Atlantic samples and the Mediterranean samples, and between the samples collected from either side of the Almería-Oran front (RMar-Alic/VGel). This tree also supports the suggestion of restricted gene flow within areas representing an Atlantic-Mediterranean division, with the superposition of a contemporary barrier to gene flow at the position of the oceanographic front.
Comparison of microsatellite and allozyme datasets Allozyme data extracted from Pérez-Losada et al (1999) exhibit a similar degree of global genetic differentiation ( = 0.062) to the microsatellite data presented here. The scale of pairwise is also equivalent in the two data sets, ranging from 0.001 to 0.117 for allozymes (Table 3) and Heredity from 0.000 to 0.179 for microsatellites ( Table 2 ). The pattern of relationships among samples however is less clear for allozymes than microsatellites. With allozymes most samples from either side of the Almería-Oran front have consistently high between them, but others like SBar (equivalent to Faro) and CPla (equivalent to Alic) do not show significant genetic differences. Allozyme results indicated that between geographically proximal samples was not noticeably higher for the pair placed to either side of the oceanographic front ( RMar-CPla = 0.068; CPla = Castelló n de la Plana, equivalent to Alic) than for other pairs (eg, FFoz-SBar = 0.061; FFoz = Figueira da Foz, equivalent to Lisb; SBar = Sanlú car de Barrameda, equivalent to Faro). Geographical variation of allele frequencies at polymorphic allozyme loci (see figure 4 of Pérez-Losada et al, 1999) also does not reveal a clear step between RMar and CPla associated to the Almería-Oran oceanographic front. Finally, allozymes also show less geographically concordant relationships among samples: unrooted NJ trees based on D and D chord gave different topologies [(((GalW,FFoz) ,RMar),(SBar,VGel))] and less bootstrap support for nodes (72-89%) than NJ trees obtained using microsatellites. These results may indicate that, as found previously in studies of brown trout (Estoup et al, 1998) and squid (Shaw et al, 1999a) , microsatellites have greater power than allozymes for resolving genetic relationships among closely related sub-populations of aquatic species with a facility for gene flow on a small geographical scale, and could be more suitable for resolving historical relationships at the intraspecific level.
